Marine dissolved organic matter (DOM) varies in its recalcitrance to rapid microbial degradation. DOM of varying recalcitrance can be exported from the ocean surface to depth by subduction or convective mixing and oxidized over months to decades in deeper seawater. Carboxyl-rich alicyclic molecules (CRAM) are characterized as a major component of recalcitrant DOM throughout the oceanic water column. The oxidation of CRAM-like compounds may depend on specific bacterioplankton lineages with oxidative enzymes capable of catabolizing complex molecular structures like long-chain aliphatics, cyclic alkanes, and carboxylic acids. To investigate the interaction between bacteria and CRAM-like compounds, we conducted microbial remineralization experiments using several compounds rich in carboxyl groups and/or alicyclic rings, including deoxycholate, humic acid, lignin, and benzoic acid, as proxies for CRAM. Mesopelagic seawater (200 m) from the northwest Sargasso Sea was used as media and inoculum and incubated over 28 d. All amendments demonstrated significant DOC removal (2-11 μmol C L −1 ) compared to controls. Bacterioplankton abundance increased significantly in the deoxycholate and benzoic acid treatments relative to controls, with fast-growing Spongiibacteracea, Euryarcheaota, and slowgrowing SAR11 enriched in the deoxycholate treatment and fast-growing Alteromonas, Euryarcheaota, and Thaumarcheaota enriched in the benzoic acid treatment. In contrast, bacterioplankton grew slower in the lignin and humic acid treatments, with oligotrophic SAR202 becoming significantly enriched in the lignin treatment.
euphotic to the upper mesopelagic zone (100-300 m) (Carlson et al. 1994; Hansell and Carlson 2001) . Exported DOC is of varying recalcitrance; some turns over on time scales of weeks to months (i.e., semi-labile DOC) and some turns over on time scales of years (i.e., semi-refractory DOC) (Hansell et al. 2012; Hansell 2013; Carlson and Hansell 2015) .
During and shortly following deep convective mixing, bacterioplankton abundance increases within the upper mesopelagic zone at BATS (Carlson et al. 1996) , coinciding with the timing of DOC removal within the upper mesopelagic (Carlson et al. 1994; Hansell and Carlson 2001) . These dynamics suggest that a portion of the surface-accumulated DOC, which resists or escapes microbial degradation (including CRAM), is metabolized by mesopelagic bacterioplankton. This process may depend on specific bacterioplankton lineages with specialized metabolic pathways for catabolizing complex molecular structures, including long-chain aliphatics, cyclic alkanes, and carboxylic acids. For instance, single-amplified genomes from SAR202 subgroup III encode multiple families of oxidative enzymes involved in the degradation of cyclic alkanes. Landry et al. (2017) postulated that members of the SAR202 clade play an important role in oxidation of recalcitrant DOC. Previous studies at BATS have shown that SAR11 ecotypes Ib and II, marine Actinobacteria, SAR202, and OCS116 all increase in their relative abundance within the upper mesopelagic water during periods shortly following deep convective mixing (Morris et al. 2005; Carlson et al. 2009; Treusch et al. 2009 ), further suggesting that specific mesopelagic microbes are capable of responding to the flux of recalcitrant DOM compounds transported downward via convective mixing.
Studies have shown that DOC becomes diagenetically altered over time and depth through microbial processing. Goldberg et al. (2009) measured temporal changes of dissolved combined neutral sugars (DCNS) relative to DOC concentrations in the upper 300 m at BATS. Surface-accumulated DOC that was exported to the mesopelagic was degraded from spring to summer, resulting in a subsequent decrease in DCNS yield and change in the mole fraction of specific neutral sugars consistent with diagenetic alteration. Kaiser and Benner (2009) reported that carbon-normalized yields of amino acids, neutral sugars, and amino sugars decreased with depth at BATS, suggesting microbial transformation of DOC to more recalcitrant material over depth. Incubation studies have shown that measures of dissolved organic matter (DOM) composition, such as fluorescence from humic-like DOM, D-amino acid concentrations, and molecular features detected through Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS), shift over long incubations (Kramer and Herndl 2004; Kawasaki and Benner 2006; Lonborg et al. 2009; Koch et al. 2014) , indicating that microbial remineralization processes alter DOM quantity and quality.
The objective of this study was to examine the oxidation of CRAM-like compounds of varying recalcitrance by bacterioplankton in order to help predict the fate of exported DOM within the mesopelagic ocean. Results from mesopelagic bacterioplankton remineralization experiments indicate that specific bacterioplankton lineages were capable of remineralizing and transforming the various forms of amended CRAM proxies. These findings improve our understanding of linkages between lineage-specific bacterioplankton growth and DOM composition, thus, providing further insight into the strategies of carbon allocation and niche specialization in the oceanic water column.
Materials and methods

Experimental setup
Mesopelagic seawater (200 m) from Hydrostation S (32 10 0 N, 64 30 0 W) in the northwestern Sargasso Sea was collected onboard the R/V Atlantic Explorer via Niskin bottles on a conductivity, temperature, and depth (CTD) profiling rosette. Water was collected on 07 September 2016 when the water column was thermally stratified (mixed layer of 22 m). Concentrations of nitrate plus nitrite and phosphate were 1.30-1.44 μmol L −1 and 0.10-0.16 μmol L −1 at 200 m, respectively, not considered to be limiting to bacterioplankton (Carlson et al. 2004) .
Natural assemblages of mesopelagic bacterioplankton were incubated in grazer-reduced seawater cultures and allowed to grow on naturally occurring substrates alone or in combination with organic amendments as described in Carlson et al. (2004) . Briefly, seawater cultures were prepared by diluting whole (unfiltered) 200 m seawater by 70% with 0.2 μm mesopelagic filtrate (Carlson et al. 2004) . The inoculum and filtrate were mixed within a 12 L polycarbonate carboy and then transferred to duplicate 5.5 L polycarbonate biotainer carboys (Nalgene). All plasticware was soaked with 10% HCl and flushed with Milli-Q water prior to use.
We chose four CRAM proxy compounds of varying molecular weights, including deoxycholate (414.55 Da) (Sigma-Aldrich D6750), humic acid (6.80-30.40 kDa) (Sigma-Aldrich 53680), lignin polymers (1.44-78.40 kDa) (Sigma-Aldrich 370959), and benzoic acid (molecular weight 122.12 Da) (Sigma-Aldrich 242381) (Perminova et al. 2003; Tolbert et al. 2014) . Deoxycholate is a steroid; lignin is a major structural component common to vascular plants; humic acids are a mixture of organic heteropolycondensates; and benzoic acid is an aromatic compound present in plants and animals ( Fig. S1 ).
Humic acid, lignin, and benzoic acid are insoluble in water; thus, they were dissolved in a pH 9 sodium hydroxide solution and then filtered through a combusted GF/F and a 0.2 μm polycarbonate filter for preparation of stock solutions. Deoxycholate was dissolved in Nanopure water. DOC concentrations of stock solutions were quantified and stock solutions were amended into the replicate seawater cultures with an amended target DOC concentration of 10 μmol C L −1 (actual measured concentrations varied between 4.27 μmol C L −1 and 11.09 μmol C L −1 , with differences explained by compound precipitation that occurred during the freezing and thawing process between storage and amendment, or possible sorption to the carboy walls). The pH change due to the addition of pH 9 sodium hydroxide was negligible (<0.0009 pH units), because less than 13 mL stock solution was amended in the individual 5.5 L carboys. An unamended control treatment was prepared and all cultures were placed into an environmental chamber and incubated in the dark at the in situ temperature of 19.7 C for 28 d (initiated onboard the R/V Atlantic Explorer and then continued at the Bermuda Institute of Ocean Sciences after the cruise). These experiments were designed to assess bacterioplankton growth during exponential growth phase (i.e., days), before top-down processes begin to impact the community. DOM remineralization was measured over both the short (days) and long (weeks) duration. Samples for bacterioplankton abundance (BA), DOC concentration, fluorescence in situ hybridization (FISH) or catalyzed reporter deposition (CARD)-FISH, DNA, total combined dissolved amino acid (TDAA) and DOM composition (high-resolution DOM, HR-DOM) were drawn throughout the incubation (Figs. 1 and 2).
Incubation subsampling
To minimize sample handling and reduce the possibility of DOC contamination, all subsampling was carried out using a custom positive-pressure system to enable subsampling without removing caps from the biotainers. An aquarium pump pumped air through a hydrocarbon trap, which pressurized the biotainers and displaced sample water through submerged Teflon tubing into collection bottles ( Fig. S2 ).
BA samples (10 mL aliquots) and FISH or CARD-FISH samples (45 mL aliquots) were fixed with 0.2 μm filtered formaldehyde (1% final concentration), stored at 4 C and processed within 48 h or stored at −80 C. DOC samples (duplicate 30 mL aliquots) were filtered through double stacked GF-75 filters (Advantec, pore size 0.3 μm, precombusted), packed in 25 mm Swinnex filter holders attached directly to the sample line with a Luer lock adaptor, and collected into 40 mL precombusted EPA glass vials with polytetrafluoroethylene (PTFE) coated silicone septa. DOC samples were acidified with 60 μL 4 N HCl to pH 3. TDAA samples were filtered through the same filters into 60 mL acid-washed high-density polyethylene (HDPE) bottles and stored at −20 C. DNA samples and HR-DOM samples for liquid chromatography coupled to FTICR-MS analysis were only sampled at 0 d and 5 d due to water budget constraints. One liter of seawater combined as 0.5 L from each duplicate biotainer was filtered through an Omnipore PTFE filter (pore size 0.2 μm, dia. 47 mm, Millipore) in a perfluoroalkoxy (PFA) filter holder into a PFA bottle. DNA filters were stored at −80 C until extraction, and 1 L filtrate was acidified with 1 mL ultrapure HCl (Optima, 35%) to pH $3, stored at 4 C and processed within 24 h.
Sample analyses
BA samples were stained with 5 μg mL −1 4 0 , 6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich) and enumerated with an Olympus AX70 epifluorescence microscope under ultraviolet excitation (Porter and Feig 1980) at 1000× magnification. This method cannot differentiate between bacteria and archaea; thus, the combined cell counts are hereafter referred to as bacterioplankton abundance. Cell biovolume was determined from 10 images captured with a digital camera (Retiga Exi-QImaging, Surrey, BC, Canada). Images were processed using ImageJ software according to established image analyses protocols (Baldwin and Bankston 1988; Sieracki et al. 1989) . Bacterial carbon (BC) was calculated as BC = BA × cell biovolume × carbon conversion factor of 148 fg C μm −3 , associated with Sargasso Sea bacterioplankton (Gundersen et al. 2002) .
DOC was analyzed using high-temperature combustion method on a modified TOC-V or TOC-L analyzer (Shimadzu) at the University of California, Santa Barbara as described in Carlson et al. (2010) . The precision for DOC analysis is $ 1 μmol L −1 or a CV of $2%. Daily reference waters were FISH and CARD-FISH samples were filtered onto a 0.2 μm polycarbonate filter (Osmonics) and hybridized with Cy3-labeled probes targeting the bacterial lineages of SAR202, SAR11, Alteromonas, Roseobacter and the archaeal lineages of Euryarchaeota, and Thaumarchaeota (Table S1 ). SAR202, Alteromonas, and Roseobacter were quantified using FISH (Morris et al. 2002; Morris et al. 2004; Parsons et al. 2012; Parsons et al. 2015) , while SAR11, Euryarchaeaota, and Thaumarchaeaota were enumerated using CARD-FISH (Teira et al. 2004; Herndl et al. 2005; Parsons et al. 2015) . A nonsense probe 338F-Cy3 was used as the negative control for FISH and Non338-Cy3 was used as the negative control for CARD-FISH. Detailed hybridization parameters and protocols are described in Parsons et al. (2015) and in Table S1 .
DNA was extracted from filters using the phenol chloroform protocol described in Giovannoni et al. (1996) . Genomic DNA was amplified with the forward primer 27F (5 0 -AGAGTTTGATC NTGGCTCAG-3 0 ) and the reverse primer 338RPL (5 0 -GCW GCCWCCCGTAGGWGT-3 0 ) with "general" Illumina overhang adapters. Libraries were pooled in equimolar concentrations prior to sequencing. Samples were sequenced using one 2 × 250 Paired-End lane with a MiSeq Reagent Kit v2 at the Center for Genome Research and Biocomputing (Oregon State University), Corvallis, Oregon. Sequence data were trimmed, dereplicated, checked for chimeras, and assigned to taxonomies using the DADA2 R package, version 1.2 (Callahan et al. 2016) and with the phylogenetic taxonomic assignation program, PhyloAssigner (Vergin et al. 2013) .
Replicate TDAA samples were dried by Speedvac (Savant SC210A) and then hydrolyzed by 6 N HCl (with 1% 12 mmol L −1 ascorbic acid to prevent oxidation of amino acids by nitrate) under nitrogen at 110 C for 20 h (Henrichs 1991; Kuznetsova and Lee 2002) . Hydrolysate was filtered through combusted quartz wool and neutralized via evaporation under nitrogen. Nanopure blanks followed the same extraction protocol as samples. Amino acids were analyzed by high performance liquid chromatography (HPLC, Dionex ICS 5000+) equipped with a fluorescence detector (Dionex RF2000, Ex = 330 nm, Em = 418 nm) after precolumn o-phthaldialdehyde derivatization (Lindroth and Mopper 1979; Kaiser and Benner 2009; Liu et al. 2013) . Phenylalanine (Phe) peaks overlapped with an unknown peak in our seawater samples and could not be differentiated from the background peak. Because Phe typically accounts for <3% of TDAA in the oligotrophic Sargasso seawater (Keil and Kirchman 1999; Kaiser and Benner 2009) , Phe was excluded from the following data analysis.
Acidified HR DOM samples were passed through Bond Elut PPL cartridges (Agilent, 1 g/6 mL) to extract extracellular DOM. Extraction followed the protocol of Dittmar et al. (2008) with modifications as described in Longnecker (2015) . Extraction efficiency for marine DOC using PPL cartridge is 43-62% (Dittmar et al. 2008; Johnson et al. 2017) . Extracted DOM were analyzed using untargeted mass spectrometry methods described in Kido Soule et al. (2015) . Mass-to-charge (m/z) ratios, retention times, and peak areas were measured for each sample. Here, we will use the term "mzRT features" to refer to chemical features with unique combinations of m/z values and retention times.
Data analysis and statistics
Bacterioplankton specific growth rates (μ) were calculated as the slope of ln(BA) vs. time during the exponential growth phase of each treatment (Table 1) . Stationary phase was reached at different times for each treatment and was determined using the growthcurver package in R (Sprouffske 2018) as 2 × t mid , where t mid is the time when BA reached half carrying capacity assuming a logistic growth model. BC and DOC at the calculated stationary time point were interpolated if sampling did not coincide with the modeled estimate of stationary phase. To maximize the use of all available data, we derived bacterial growth efficiency (BGE) from the ratio of the integrated area under the BC curve to the integrated area of the DOC removal curve:
where t represents time, Ð BC represents the time normalized integrated area under the growth curve from T0 to stationary phase and Ð DOC represents time-normalized area under the DOC removal curve (see example in Fig. S3 ). Note that the integrated area here refers to the area under the curve of discrete data points using the integrateTrapezoid function in R.
Repeated measures ANOVA of the BA and DOC curves was used to assess difference (p < 0.05) between treatments and time points (Fit Model in JMP 13 Pro). Probe data were sampled less frequently than BA and DOC data and did not meet the criteria for repeated measures ANOVA. Thus, probe data (time normalized integrated area under probe abundance curve) for each treatment were compared to the control treatment at its corresponding time point of maximal abundance using t test (α = 0.05). Difference of integrated DOC percent removal among amendments was tested with ANOVA and Tukey's multiple comparison test (α = 0.05).
Bacterial community structure inferred from the 16S rRNA gene was plotted using phyloseq, vegan, and ggplot2 package in R (Oksanen et al. 2007; McMurdie and Holmes 2013) . DNA from the humic acid and benzoic acid treatments did not amplify, possibly due to inhibition during PCR; thus, bacterial community structure data are only presented for the control, deoxycholate, and lignin treatments.
Principal component analysis (PCA) was conducted on mol% of amino acid composition (Xue et al. 2011) . Amino acid data were first standardized (deviation from mean divided by standard deviation) before analysis to eliminate skew of PCA loading weight on dominant amino acids in samples. The mzRT features were grouped into compound classes based on the elemental formulas and the calculated aromaticity index (AI mod ) as corrected in Koch and Dittmar (2016) . The following groups were defined by Martínez- Pérez et al. (2017) and Hertkorn et al. (2006) : black carbon, polyphenols, highly unsaturated compounds, unsaturated aliphatic compounds, peptides, sugars, saturated fatty acids, and CRAM. 
Results
Bacterial growth among treatments Microbial response curves were typical of logistic growth, but the response for each treatment varied in terms of maximal cell density, duration of log phase (exponential phase), μ and time until reaching stationary phase (Fig. 1, Table 1 ). There was significant difference of BA among treatments (p < 0.0001) and among time (p = 0.0030), but no significant difference in the interaction between treatment and time (p = 0.4962). Bacterioplankton response was greatest in the deoxycholate treatment, followed by the benzoic acid, both significantly different from the control (p = 0.0002 and p = 0.0084, respectively). The μ measured in the deoxycholate and benzoic acid treatments were 4-5 times greater than the control (Table 1) . Cell biovolumes in the deoxycholate and benzoic acid treatments were greatest among all treatments (Table S2 ) and dominated by rodshaped cells (Fig. S5 ). In contrast to the rapid growth observed in the deoxycholate and benzoic acid treatments, growth in the control, humic acid, and lignin treatments was slow and reached stationary phase 10-14 d later ( Fig. 1 , Table 1 ). BA responses in the humic acid and lignin treatments were systematically greater than the control (i.e., Ð BA over same time was twofold greater than the control, Table 1 ), but were not statistically different from the control (Fig. 1) humic acid treatments were similar to that of the control (Table 1) .
DOC removal and BGE in all treatments
DOC concentration for humic acid on day 28 increased by 1.73 μmol L −1 , was considered contaminated, and thus the data were excluded from further analysis. Change in DOC concentration was different among treatments (p < 0.0001) and over time (p = 0.0006), with no significant difference on the interaction between treatment and time (p = 0.1189) ( Fig. 2a ). DOC removal was significant for all amendment treatments over the course of the incubation (p < 0.0001 for deoxycholate, humic acid, lignin, and p = 0.0476 for benzoic acid), in contrast to the nonresolvable (< 1 μmol C L −1 ) change observed in the control. unchanged afterward (Fig. 2, Table 1 ). Almost all amended DOC was degraded in the benzoic acid treatment within 2 d. The percent removal of DOC relative to amended concentrations (T0 DOC in amendments minus that in control) was greatest in the benzoic acid treatments (90%), followed by deoxycholate treatment (64%) (Fig. 2b) . DOC removal was gradual and linear throughout the entire incubation for the humic acid and lignin treatments with removal of amended concentrations equivalent to 34% and 25%, respectively (Fig. 2, Table 1 ). BGE was greatest in the deoxycholate treatment and lowest in the benzoic acid treatment ( Table 1) , indicating that different carbon and energy allocation strategies were used by the responding bacterioplankton between treatments.
Response of specific bacterial and archaeal lineages to amendments Copiotroph response
Response by Alteromonas and Roseobacter was most pronounced in the benzoic acid and deoxycholate treatments ( Figs. 3 and 4) . Alteromonas dominated in the benzoic acid treatment, accounting for up to 75% of total BA and was significantly different from the control (Figs. 3a, 4a , and S6a). The abundance of Alteromonas reached a maximum by day 5 and decreased precipitously after day 12. Changes of Roseobacter in the amended treatments were not significantly different from that in the control (Figs. 3b and 4b) .
Oligotroph response
Production of members of the SAR202 clade was greater in all CRAM proxy amendments compared to the control, and was most pronounced and significant for the lignin treatment ( Fig. 3c and 4c ). Cell densities for SAR202 increased three-to five-fold for the amendment treatments, compared to the control. The relative contribution of SAR202 to total cell abundance increased from 3% to 5% to a maximum of 4% to 9% for the amended treatments ( Fig. S6 ). SAR11 increased in all amendments and its production was greatest in the deoxycholate treatment ( Figs. 3d and 4d ). Despite the significant increase of SAR11 cell abundance in the deoxycholate treatment, the relative contribution of SAR11 actually decreased over time due to the larger increase in other bacterioplankton lineages (Fig. S6b) .
Archaeal response
Production of Euryarchaeota was greatest in the benzoic acid and deoxycholate treatments, with a twofold increase in cell abundance relative to the control (Figs. 3e and 4e ). Production of Thaumarchaeota was observed in all treatments including the control and was greatest early in the benzoic acid treatment. The maximum change of Tharmarchaeota in the benzoic acid treatment was significantly different from that in the control (Figs. 3f and 4f ).
Bacterial community structure changes during the incubation
A substantial proportion of the bacterioplankton response was comprised of lineages not detected by targeted FISH or CARD-FISH probes in the deoxycholate treatment at 5 d (Fig. S6 ). 16S rDNA amplicon sequencing and bacterial community structure analysis revealed that 58% of the sequenced community was comprised of the Gammaproteobacteria Spongiibacteraceae (Fig. 5a ). It should be noted that the bacterial community structure data from DNA sequencing are expressed as relative percentage after PCR amplification. Thus, if taxa have unequal gene copy numbers, the data would not be directly comparable to the absolute percentage based on cell counts from the probe analysis. Bacterial community structure in the control treatment changed from a diverse composition of SAR11, SAR202, Alteromonodaceae, and SAR406 to one dominated by Alteromonodaceae by 5 d. This may be attributed to bottle effects resulting from cell stress in confined environments, cell binding on container surface, biofilm formation or introduction of trace organic nutrients (Lee and Fuhrman 1991; Fletcher 1996; Stewart et al. 2012) . Bottle effects often select for growth of Gammaproteobacteria (Eiler et al. 2000; Dinasquet et al. 2013; Muller et al. 2018) , which is consistent with the increased relative contribution of Alteromonadaceae amplicons in our control treatment. Alternatively, high percentage of
Alteromonadaceae at 5 d in the control may be due to bias in the amplicon yield based on increased gene copy numbers associated with this r-strategist (Alon et al. 2011; Gonzalez et al. 2012; Math et al. 2012 ). Fig. 7 . (a) Difference in peak areas from 0 d to 5 d in treatments for each mzRT feature detected through LC-FTICR-MS. The blue line is the mean value of peak area difference for control. Points are color-coded by treatments. Any points with positive values are instances where the peak area increased from 0 d to 5 d, negative values are instances where the peak area decreased from 0 d to 5 d. (b) The number of mzRT features that had a difference in peak area that exceeds the difference measured in the control (features that were greater than the mean in the control plus one standard deviation or less than the mean in the control minus one standard deviation were deemed noteworthy). In blue are the mzRT features that decreased from 0 d to 5 d, in red are the mzRT features that increased from 0 d to 5 d.
In order to resolve the signal of lower contributing taxa, taxa accounting for >30% (Alteromonadaceae and Spongiibacteraceae) were removed from the plot and bacterial community structure at day 5 was compared again. SAR11 Ia was more enriched in the deoxycholate treatment than in the control at day 5 (Fig. 5b) , consistent with the growth of SAR11 as shown in the probe data (Fig. 3d) . Alcanivoracaceae and Oceanospirillaceae also became more enriched in the deoxycholate treatment than in the control at day 5.
The relative abundance of Alcanivoracaceae, Piscirickettsiaceae (specifically the genus Methylophaga), and Hyphomonadaceae increased with time in the lignin treatment, reaching 1%, 12%, and 1.3% respectively at 5 d, in contrast to 0.3%, 0.5%, and 0.04% in the control (Fig. 5) . At day 5 in the lignin treatment, SAR202 were still in the early exponential phase (Fig. 3c) ; thus, their relative abundance in the DNA profile was small (Fig. 5) .
TDAA concentrations and compositions throughout the incubation
Concentrations of TDAA decreased rapidly in amendments during the first 2 d (Fig. 6a) . The %molar composition of TDAA clustered according to treatment type, then within each treatment, the trajectory of the %molar fraction TDAA shifted from the lower left quadrant toward the upper right quadrant of the PCA biplot (arrows in Fig. 6b ) throughout the incubation. The lower left quadrant of the PCA biplot was dominated by Val, Lys, Ser, Leu, Arg, Tyr, while upper right quadrant was dominated by amino acids β-alanine (BAla) and alanine (Ala), signifying a compositional change of these amino acids with incubation time, and thus, an indication of a diagenetic alteration with incubation time.
Patterns of mzRT features from LC FTICR-MS analysis
There were 1831-1995 mzRT features detected and among them, 951-1025 were assigned elemental formulas (Table 2) . H:C and O:C ratios of these features indicate the compound saturation and oxidation state. The changes in the H:C and O: C ratios from day 0 to day 5 were greatest for the deoxycholate treatment. The H:C ratio decreased by almost half by day 5 in the deoxycholate treatment in contrast to a slight increase in H:C for all other treatments. The O:C ratio increased 1.5-fold in the deoxycholate treatment; however, no systematic pattern was observed in the other treatments. The deoxycholate treatment showed a greater than fivefold increase in double bond equivalent (DBE = [2 + 2*C-H + N + P]/2) values relative to the control. Figure 7a shows the change in the area for each peak (as semi-quantitative index) resolved in FTICR-MS. The greatest decrease in peak area with incubation time occurred in the deoxycholate treatment (Fig. 7a) . Changes of peak area in the deoxycholate treatment were mostly in two m/z regions: m/z of 390-470 and m/z of 770-820. In other amendment treatments, greater changes were associated with increasing peak area from 0 d to 5 d. Peak area increases in the humic acid, lignin, and benzoic treatment were around the m/z region of 500.
The numbers of mzRT features with decreasing peak area over 5 d in the deoxycholate treatment were more than double those in all other treatments (Fig. 7b) . In contrast, more mzRT features increased in peak area with time for the humic acid and benzoic acid treatments (Fig. 7b) , while the number increasing and decreasing in peak area from 0 d to 5 d were similar for the control and lignin treatments. Among all treatments, deoxycholate showed the greatest number of mzRT features with both increasing and decreasing peak areas.
When grouping mzRT features into categorized compound classes, highly unsaturated compounds that partially overlap with CRAM compounds and black carbon compounds contributed to the majority of classified compounds (Table S4 ). The change in the number of features belonging to each class were similar for each treatment between 0 d and 5 d with the exception of unsaturated aliphatic compounds, which decreased more than fivefold in the deoxycholate treatment.
Discussion
Bacterioplankton trophic strategies are often divided into broad categories defined as copiotrophs and oligotrophs (Polz et al. 2006; Lauro et al. 2009 ). Copiotrophs are typically r-strategists and respond rapidly to the input of a limiting nutrient. In contrast, oligotrophs are usually characterized as K-strategists that maintain continuous but slow growth and are seemingly better adapted to survival in nutrient-limiting environments (Klappenbach et al. 2000; Yooseph et al. 2010; Gifford et al. 2013) , including labile organic matter limitation. BGE in the amendment treatments ranged from 8% to 34% from T0 until stationary phase, falling within the range of 7-40% previously reported for bacteria grown on ambient DOC or labile amino acid, glucose, and algal lysate (Suttle et al. 1991 ), suggesting that a majority of the utilized organic carbon was respired by mesopelagic bacterioplankton. Varying BGEs among the treatments indicated distinct resource allocation strategies utilized by the responding bacterioplankton communities.
Based on patterns of DOC removal and BA increase, we can divide the response to the four CRAM proxy compounds into two broad categories: labile and recalcitrant. DOC removal and BA increase were most pronounced in the benzoic acid and deoxycholate treatments, with the rapid change of DOC and BA during the first 2-5 d (Fig. 1, Fig. 2) ; thus, we group the compounds benzoic acid and deoxycholate as labile DOM in terms of their bioavailability to Sargasso Sea mesopelagic bacterioplankton. In contrast, DOC removal and BA increase in the lignin and humic acid treatments were minimal and gradual over 28 d; thus, we categorize these model compounds as recalcitrant DOM. Here we examine the response of distinct bacterioplankton groups to the two categories of CRAM proxy compounds and subsequent DOM transformation in all treatments.
CRAM proxy compounds that selected for copiotrophs
Benzoic acid and deoxycholate selected for several copiotrophic bacterioplankton. In comparison to lignin and humic acid, benzoic acid and deoxycholate are low molecular weight compounds of 122 Da and 415 Da, respectively, which can be transported through membrane "porin" proteins that have an exclusion limit of $600 Da (Weiss et al. 1991) . The molecular size of these compounds may contribute to easier access, transport and use by some bacterioplankton.
Alteromonas
The rapid change of DOC concentration in the benzoic acid treatment was concomitant with the increase in BA and dominant growth of Alteromonas (Figs. 3 and 4) . Members of Alteromonas are well-known copiotrophs that grow rapidly when labile organic substrates become available, such as freshly produced DOM associated with phytoplankton blooms (Romera-Castillo et al. 2011; Wear et al. 2015) . They are ubiquitous Gammaproteobacteria that effectively compete for labile DOM for growth McCarren et al. 2010; Pedler et al. 2014; Sherwood et al. 2015) . Some Alteromonas members are also hydrocarbon-degraders that can bloom in the presence of marine oil spills enriched in alkanes and aromatic compounds (Math et al. 2012; Redmond and Valentine 2012; Hu et al. 2017; Liu et al. 2017 ). Metabolism of the aromatic ring of benzoic acid might have promoted the rapid growth of Alteromonas that we observed.
Spongiibacteraceae
Deoxycholate selected for fast-growing Spongiibacteraceae. Deoxycholate is a sterol derivative and a conjugate base of bile acids, which are generally produced in eukaryotic cells or by cholesterol metabolism in some bacterial strains (Li et al. 2009; Kim et al. 2012) . The predominant large rod-shaped cells observed in the deoxycholate treatment (Table S2 ) are consistent with cell morphology reported for Spongiibacteraceae (Hwang and Cho 2009; Jean et al. 2016 ; Fig. S5 ). Spongiibacteraceae belongs to newly reclassified Cellvibrionales order and have been categorized as oligotophs (Spring et al. 2015) . However, their rapid growth in the present study suggests that members of the Spongiibacteracea clade can adopt an r-strategy, when provided with favorable particular substrates. Consistent with the present study, Spring and Riedel (2013) reported that Cellvirbionales, traditionally designated as oligotrophs, grew rapidly under nutrient-rich conditions. Some members of Spongiibacteraceae may be r-strategists, while others are K-strategists, and the r-strategists were playing a role in oxidizing deoxycholate. Metagenome analysis revealed steroiddegrading capability within Spongiibacteraceae (Holert et al. 2018) , indicating a nutritional benefit from the uptake of sterols (Webster and Thomas 2016; Lengger et al. 2017) .
Fast-growing archaea
Archaea in the Euryarchaeota and Thaumarchaeota (marine group I [MGI], previously Crenarchaeota) account for about one-third of the prokaryotic cells in the global ocean (Karner et al. 2001) . While Thaumarchaeota are usually more abundant in deep water, Euryarchaeota, especially marine group II (MGII), can make up 2-22% of picoplankton abundance throughout the water column (DeLong et al. 1999; Herndl et al. 2005; Stoica and Herndl 2007; Zhang et al. 2009 ), which is consistent with the 3% Euryarchaeota contribution observed in our ambient seawater (Fig. S6) . Euryarchaeota encode genes for transport of amino acids and oligopeptides, and protein degradation (Zhang et al. 2015; Lazar et al. 2017) . MGII archaea are capable of utilizing organic molecules such as dissolved proteins, lipids, carbohydrates, and particulate organic matter (Iverson et al. 2012; Orsi et al. 2016; Xie et al. 2018) . The observation of enhanced Euryarcheaota production in the deoxycholate and benzoic acid incubations implies that some lineages of Euryarchaeota are capable of metabolizing sterols and aromatic compounds.
Thaumarcheaota are chemoautotrophic ammonia-oxidizers that play an important role in nitrogen cycling (Konneke et al. 2005; Treusch et al. 2005) . The enhanced production of Thaumarchaeota in the benzoic acid treatment may be indicative of a secondary response to ammonium produced during DOM mineralization by heterotrophic bacteria. Thaumarcheaota have been found in deep chlorophyll maxima and during the decline of phytoplankton blooms (Beman et al. 2011; Berg et al. 2018 ), suggesting an interactive role in organic matter remineralization and nutrient cycling. Coculture experiments have demonstrated enhanced Thaumarchaeota production in the presence of heterotrophic bacteria (Tourna et al. 2011 ), suggesting a potential interaction between bacteria and Thaumarchaeota. Alternatively, the growth of members of Thaumarcheaota in the benzoic acid treatment may be a consequence of mixotrophic utilization of organic carbon, which has been suggested by genomic studies (Hallam et al. 2006; Walker et al. 2010 ), contributing to their growth in the benzoic acid treatment.
Other bacteria
Copiotrophic Oceanospirillaceae and some typically oligotrophic bacterioplankton, including Alcanivoracaceae and SAR11, also became enriched in the deoxycholate treatment relative to the control (Figs. 5 and 3 ). However, it should be noted that their combined relative abundance was <10%. Oceanospirillaceae respond quickly to labile DOM released during phytoplankton blooms or to inorganic nutrient addition (Delmont et al. 2015; Goldberg et al. 2017; Hoffmann et al. 2017) . The increase of Oceanospirillaceae in the deoxycholate treatment relative to the control was consistent with their copiotrophic role in labile DOM utilization.
CRAM proxy compounds that selected for oligotrophs
Of the proxy compounds, humic acid and lignin were the most resistant to microbial degradation, as indicated by the slow DOC removal and minimal changes in cell abundance. Lignin is derived from terrestrial plants and humic acid originates from both terrestrial and marine sources. They are both polymers with complex chemical structures and are considered to be thermodynamically stable forms of carbon sources (Hedges et al. 1997; Mann et al. 2014) . Although humic acid and lignin are relatively recalcitrant and tend to be resistant to rapid microbial degradation, some bacteria groups reportedly adapted to utilizing recalcitrant DOM appeared to respond to these CRAM proxy compounds. The bacterial response in the humic acid and lignin treatments included the oligotrophic SAR202, SAR11, Alcanivoracaceae, Piscirickettsiaceae, and Hyphomonodaceae rather than copiotrophic taxa. Our study is one of the few incubation studies able to show response by bacterial oligotrophs, rather than those typically categorized as copiotrophs, when amended with complex organic compounds. Despite slower growth rates (Fig. 1) , the oligotroph response to the recalcitrant DOM was significant, indicative of their potential role in recalcitrant DOM oxidization.
SAR202
SAR202 bacteria, in the phylum Chloroflexi, are free-living heterotrophic bacterioplankton that contribute as much as 4-34% of total BA in the mesopelagic and bathypelagic realms of the Atlantic, Pacific, and Arctic Oceans (Morris et al. 2004; Morris et al. 2005; Schattenhofer et al. 2009; Lekunberri et al. 2013; Mehrshad et al. 2018 ). SAR202 accounted for 3-5% of the total BA and 39% of the 16S rRNA gene copies in the ambient 200 m mesopelagic water of Sargasso Sea, with subclades I, II, and III dominating the SAR202 group (Saw et al. ) (Figs. S6 and 5a) .
The significant growth response of SAR202 to lignin suggests that some SAR202 are capable of oxidizing this recalcitrant, CRAM-like polymeric compound. Bacterial and archaeal communities show a general trend of decreasing rates of L-aspartic acid (Asp) uptake while increasing rates of D-Asp uptake from subsurface to bathypelagic waters (Pérez et al. 2003; Teira et al. 2006) . However, members of SAR202 can take up L-Asp at a constant rate throughout the water column with essentially no uptake of D-Asp (Varela et al. 2008) . These uptake characteristics indicate that members of SAR202 are well adapted to scarce and patchy food resources and may be able to detect and exploit DOM not available to other bacterioplankton in the deep ocean.
Genomic and metagenomic sequences for SAR202 have revealed a variety of paralogous protein families capable of recalcitrant DOM catabolism. These include flavin mononucleotide/F420-dependent monooxygenases (FMNOs) that convert ketones to esters, dioxygenases that catalyze initial steps in aromatic ring catabolism, major facilitator superfamily (MFS) transporters, short-chain dehydrogenases that convert alcohols to ketones, and coenzyme A (CoA) transferases that catalyze the ATP-independent binding of carboxylic acids to CoA (Ridlon and Hylemon 2012; Landry et al. 2017; Thrash et al. 2017 ). These and other SAR202 enzymes may play roles in the oxidation of CRAM-like compounds such as humic acid and lignin.
SAR11
SAR11 are free-living aerobic heterotrophic Alphaproteobacteria that are distributed ubiquitously in the oceans, accounting for 15-40% of all planktonic cells throughout the water column (Morris et al. 2002; Rappe et al. 2002; Eiler et al. 2009; Schattenhofer et al. 2009 ) and comprise up to 47% of total bacterial 16S rRNA genes in oceanic samples (Sperling et al. 2012 ).
In the present study, SAR11 group accounted for $15% of mesopelagic BA and $15% of 16S rRNA gene copies at T0 of the incubations ( Figs. 5b and S6 ). Enhanced SAR11 production in our amendment treatments suggests that some SAR11 ecotypes may be involved in the catabolism of some CRAM-like DOM. A large proportion of SAR11 membrane transporters are ATP-binding cassette (ABC) transporters, with high substrate affinity Alonso and Pernthaler 2006; Noell and Giovannoni 2019 ) that may facilitate the transport of the small compounds like deoxycholate.
SAR11 cells have been demonstrated to utilize a wide variety of labile DOM compounds as substrates (Giovannoni 2017) . They have evolved into a variety of ecotypes that partition ocean niches by temperature and probably other factors that remain unidentified Brown et al. 2012; Vergin et al. 2013) . SAR11 ecotype Ia, found in the surface water of oligotrophic systems, appears to be correlated to low macronutrient concentrations and elevated flux of labile DOM derived from photosynthesis. At BATS, ecotype Ib occurs throughout the mixed layer in the late spring, and in the region of the deep chlorophyll maximum during the summer. Ecotype II is most prevalent in the upper mesopelagic in the late spring as the water column restratifies and semi-labile DOM transported from the summer surface layer by winter mixing is remineralized ). In the present study, SAR11 Ia became enriched with the amendment of deoxycholate compared to the control treatment ( Fig. 5b) , consistent with its proposed role in labile DOM remineralization. Examination of the relative abundances of SAR11 ecotypes did not reveal differences between the lignin and control treatments at 5 d, possibly because SAR11 production was not great enough to be differentiated between treatments at this early stage of growth (Fig. 5b) . Unfortunately, water budget constraints did not allow DNA samples to be collected at the later time points necessary to resolve differences in the ecotypes.
Other oligotrophs: Piscirickettsiaceae (Methylophaga), Hyphomonodaceae, and Alcanivoracaceae
The increased relative abundances of other oligotrophs, including members of Piscirickettsiaceae (Methylophaga), Hyphomonadaceae, and Alcanivoracaceae, in the lignin treatment, compared to the control (0-5 d) (Fig. 5b) , suggest they may be involved in the catabolism of CRAM-like compounds. Methylophaga belonging to Piscirickettsiaceae are marine Gammaproteobacteria (Ravenschlag et al. 2001; Wang et al. 2018 ) that have been shown to utilize peptides, oil, one-carbon compounds, such as methanol and methylamine, and polyamines (Neufeld et al. 2007; Lu et al. 2015; Deng et al. 2018; Hamdan et al. 2018; Kamalanathan et al. 2018 ). Wilhelm et al. (2018) identified members of Piscirickettsiaceae as lignin-degrading bacteria using a stable isotope probing approach. Members of Hyphomonadaceae can persist in extreme oligotrophic conditions (Lee et al. 2007; Abraham et al. 2013) , and can respond to phytoplankton-derived DOM (Goldberg et al. 2017) . Our results suggest that they can also respond to lignin. Alcanivoracaceae includes oligotrophic bacterioplankton that have a narrow substrate spectrum that includes a few organic acids but no simple sugars (Yakimov et al. 1998; Kalscheuer et al. 2007) . They are hydrocarbon degrading specialists (i.e., alkanes) that often dominate the bacterial community during oil spills (Schneiker et al. 2006; Terrisse et al. 2017 ). The aliphatic structures in deoxycholate and lignin may facilitate their utilization of these two CRAM-like compounds in our incubations.
Microbial transformation of CRAM proxy compounds
TDAA compositions in each treatment shifted from high mol% Val, Lys, Ser, Leu, Arg, and Tyr, toward more enriched with β-Ala with incubation time (Fig. 6b ). Mol% of Val, Lys, Ser, Leu, Arg, and Tyr decrease with decreasing degradation index, suggesting a high mol% of these amino acids is a marker of fresh organic matter (Dauwe et al. 1999; Kaiser and Benner 2009 ). The increase of β-Ala and GABA, which are nonprotein amino acids, relative to protein amino acids commonly is used as an indicator of organic matter diagenesis (Cowie and Hedges 1994; Davis et al. 2009; Kaiser and Benner 2009 ). Increases in %β-Ala and/or %GABA may be due to partial decarboxylation of aspartic acid and glutamic acid (Whelan 1977; Lee and Cronin 1982) . The observed shift from more % of fresh amino acids to higher % β-Ala through time in each treatment indicates subtle but non-negligible diagenetic alteration during our incubations, with deoxycholate and lignin showing the most pronounced transformation.
LC FTICR-MS analysis provides information on the changes of elemental composition and molecular formulas of thousands of SPE-extracted DOM compounds (m/z of 100-1000). In contrast to minimal change in other treatments, the decreased H:C ratio and increased O:C ratio and DBE of the detected mzRT features from 0 d to 5 d in the deoxycholate treatment (Table 2) indicate that DOM in the deoxycholate treatment was transformed to compounds of increased unsaturation and oxygen content; consistent with previous reports that these proxies are indicators of aged DOM (Flerus et al. 2012; Medeiros et al. 2015) .
Highly unsaturated compounds, black carbon, and CRAM compounds dominated the DOM for all treatments (Table S4) , a finding consistent with marine DOM composition (Martínez- Pérez et al. 2017; Schmidt et al. 2017; Kellerman et al. 2018) . Phytoplankton exudates enriched in unsaturated aliphatic compounds accumulate in the surface water compared to mesopelagic waters (Medeiros et al. 2015) , suggesting net removal of aliphatic compounds in the deeper waters. The number of unsaturated aliphatic compounds decreased by 33% in the deoxycholate treatment (Table S4 ). Little change in elemental composition was observed in the lignin and humic acid treatments. It is possible that other analytical modes could have revealed DOM transformation (Osterholz et al. 2015; Zark et al. 2017; Lu et al. 2018 ). However, it is likely that due to logistical water budget constraints, our collection of LC FTICR-MS samples at day 5 was too early in the growth phase to detect DOM transformation differences in the humic acid and lignin treatments. Benzoic acid molecule is small and outside the analytical window of LC FTICR-MS, precluding its resolution despite significant DOC drawdown in that treatment.
In contrast to direct infusion FTICR-MS, LC FTICR-MS analysis first separates compounds on an LC column before introduction via ionization source into the mass spectrometer. This approach can increase the number of identified peaks (Patriarca et al. 2018 ) and provide an additional peak intensity data (using peak area as an index of relative concentrations). Greater than 100 mzRT features decreased in peak area during the incubation in the deoxycholate treatment ( Fig. 7) and were mainly in the m/z regions of 390-470 and 770-820 Da. In contrast, mzRT features with increasing peak area over time were dominant in the humic acid, lignin, and benzoic acid treatments and were found near m/z of $ 500 Da. The mzRT features were categorized into compound classes (Table S4 ) but <2% could be classified into each group; thus the majority of compounds remain unidentified. Nevertheless, differences in mzRT between 0 and 5 d for all the amended treatments indicate that DOM was transformed over the course of the incubation. When comparing peak changes over time, the average m/z values of all depleted peaks (decreasing peak area) were 7-73 Da larger than enriched peaks (increasing peak area) (Table S5 ). These peak alterations suggest that small side-chain functional groups were lost during microbial metabolism of DOM. For example, a methyl group can be removed through demethylation, and CO 2 can be lost via decarboxylation. Similar to our results, small mass differences of 20-40 Da were detected between depleted molecular formulas and enriched peaks in incubations of estuarine and coastal DOM (Vorobev et al. 2018 ).
Conclusions and implications
Through incubations of CRAM proxy compounds in mesopelagic seawater from the Sargasso Sea, this study showed that deoxycholate and benzoic acid degraded rapidly and were more consistent with labile DOM properties, while humic acid and lignin were more recalcitrant to microbial remineralization, suggesting that not all CRAM-like substrates can be simply classified as recalcitrant DOM. The bioreactivity appears to be intricately associated with the activity of specific bacterioplankton taxa. While labile CRAM proxy compounds mostly selected for fast-growing copiotrophs like members of Alteromonas, Spongiibacteraceae, and the archaea Euryarchaeaota and Thaumarchaeota, recalcitrant CRAM proxy compounds in our incubations selected for slow-growing oligotrophs, such as members of SAR202, Piscirickettsiaceae, Hyphomonadaceae, and Alcanivoracaceae, that appear to be capable of oxidizing more recalcitrant DOM. Our results also showed that DOM was transformed to more degraded components with lower H:C ratio, higher O:C ratio and DBE in the deoxycholate incubation. This study used individual compounds to mimic recalcitrant DOM and unravel interactions between bacterioplankton and DOM rich in carboxylated alicyclic molecules. The data showed the different response of bacterioplankton lineages to CRAM-like DOM with varying quality, implying potential catabolism strategies and niche specialization among bacterioplankton. This study also highlights the important role of oligotrophs, which are often understudied in incubation experiments, especially on recalcitrant carbon oxidation. The growth of oligotrophs provides experimental evidence to support the metabolic roles of those bacterioplankton revealed from previous genomic studies. In the future, mixtures of DOM compounds that are more representative of overall recalcitrant DOM pool in seawater, such as SPE extracted DOM, might be used to further investigate microbial response to natural complex recalcitrant DOM and potential degraders of recalcitrant DOM in the ocean.
